Cytokine responses play an important role in many viral infections. In particular, the induction of alpha/beta interferon (IFN-␣/␤) is the most immediate antiviral host response to many viral infections. The current model suggests that IFN-␤ is induced directly after virus infection, which then leads to the expression of IFN-␣ genes (8) . IFN-␣/␤ bind to a common surface receptor composed of the two subunits IFNAR1 and IFNAR2 (23) on primary target cells and activate numerous intrinsic antiviral factors, such as double-stranded-RNA-dependent protein kinase (PKR), 2Ј-5Ј oligoadenylate synthetase, and Mx proteins, which lead to the inhibition of protein synthesis and block viral replication (10) . However, type I interferons not only play an important role in the innate immune response but also influence the generation of the adaptive immune responses: for example, IFN-␣/␤ induce NK cell cytotoxicity, promote CD8 T-cell activity, and enhance Th1-type responses (3) . The discovery of the human immunodeficiency virus type 1 (HIV-1) as the causative agent of AIDS has created a fundamental interest in the role of interferons in immunity to retroviral infections. In vitro studies on HIV-1 demonstrated an induction of IFN-␣ by infection of peripheral blood mononuclear cells (1) and inhibition of the early stages of the HIV-1 replication cycle at the level of provirus formation (32, 33) . In addition, IFN-␤ has been shown to enhance the resistance of peripheral blood leukocytes to HIV-1 infection (38) . However, very little information is available on the in vivo role of IFN-␣/␤ in early retrovirus infection. In animal models, such as simian immunodeficiency virus infections of macaques, IFN-␣ was detected in the serum of monkeys as early as 4 days postinfection (17) . In the serum of HIV patients, IFN-␣ is detectable during the acute phase of infections and at the time of disease progression and opportunistic infectious (39) . However, nothing is known about the in vivo antiviral activity of type I IFN and immediate concentrations directly after exposure to HIV. Experiments using mice with specific cytokine gene inactivations have proven to be useful models for obtaining information about the regulation of immune cells or cytokines in response to infection (7, 41) . To get more insight into the role of IFN-␣/␤ in immunity to murine retroviruses, we used the Friend virus mouse model. The Friend virus complex (FV) is comprised of a nonpathogenic replication-competent helper virus (Friend murine leukemia virus [F-MuLV]) and a replication-defective but pathogenic virus called the spleen focus-forming virus (SFFV) (16) . SFFV encodes a defective envelope protein, gp55, that binds to the erythropoietin receptor of erythroblasts and induces a polyclonal proliferation that subsequently leads to severe splenomegaly (14, 15, 20) . In susceptible strains, the disease progresses to lethal erythroleukemia, whereas resistant mice, such as C57BL/6 (B6), control the erythroblast proliferation (25, 27, 40) . To determine the biological relevance of the type I IFN system in retroviral immunity, we infected mice of different genetic backgrounds with FV. In addition, we analyzed mice with targeted gene defects in the IFN-␣/␤ receptor or IFN-␤ after retroviral infection. Mice used for this experiment were on the B6 genetic background because of the availability of knockouts. B6 mice are partially resistant to FV-induced erythroleukemia due to the Fv2 gene, which acts in a nonimmunological manner (14, 30) . Mice that carry Fv-2 r allele express a full-length Stk, whereas mice with the Fv-2 s allele also express a truncated form of the kinase, which interacts with SFFV gp55 and contributes to the development of polyclonal cell activation and splenomegaly (28) . Despite their genetic resistance to FV-induced leukemia, wild-type B6 mice fail to completely eliminate FV during acute infection and become persistently infected for life (37) . Furthermore, B6 mice deficient in lymphocyte subsets become susceptible and develop erythroleukemia (11, 18, 37) , indicating that immune responsiveness is an important factor for the resistance of B6 mice to FV-induced disease. Thus, knockout mice on B6 background are perfect tools for determining the role of immune cells or molecules in Friend retrovirus resistance. The current study shows that type I interferons play an important role in innate immunity to retroviral infection and suggest new approaches for antiretroviral therapy based on type I interferon application.
MATERIALS AND METHODS
Mice. C57BL/6 and BALB/c mice were purchased from Harlan Laboratories. . In all experiments, 3-to 6-month-old mice were used.
Virus infection. Mice were injected intravenously with 0.5 ml phosphatebuffered saline (PBS) containing 3,000 or 10,000 spleen focus-forming units (FFU) of the Friend virus complex. The B-tropic, polycythemia-inducing FV complex used in all experiments was from uncloned virus stocks obtained from 10% spleen cell homogenates as described previously (12) . The progression of disease was monitored by spleen weights and virus assays as indicated. Persistently infected mice were mice that had been infected at least 8 weeks prior to experimentation.
Infectious center and viremia assays. For infectious center assays, single-cell suspensions from infected mouse spleens were cocultivated with Mus dunnis cells at 10-fold dilutions. For viremia assays, freshly frozen plasma samples were titrated on susceptible M. dunni cells pretreated with 4 g of Polybrene per ml. Cultures were incubated for 5 days, fixed with ethanol, stained with F-MuLV envelope-specific monoclonal antibody 720, and developed with peroxidase-conjugated goat antimouse antibody and aminoethylcarbazol to detect foci.
Interferon inhibition assay. Mus dunni cells were treated in vitro for 24 h with increasing concentrations of IFN-␣/␤ (1 to 1,000 U/ml). Cells were then infected with 50 FFU of FV, cultivated for 4 days, fixed with ethanol, and stained with F-MuLV-envelope-specific antibody 720. IFN ELISA. At various time points postinfection, blood was collected from mice and sera were stored frozen (Ϫ72°C) until use. To quantitate the amounts of IFN protein, sera were assayed in duplicates using an enzyme-linked immunosorbent assay (ELISA) specific for mouse IFN-␣ or IFN-␤ (PBL Biomedical Laboratories; Piscataway, N.J.). The ELISA was performed in accordance with the manufacturer's protocol and analyzed at an absorbance of 450 nm. The limits of detection of IFN-␣ and IFN-␤ were 12.5 pg/ml and 15.6 pg/ml, respectively.
Alpha interferon treatment in vivo. Mice were treated daily intraperitoneally with 100 l of 5 ϫ 10 4 U (treatment prior to infection and postinfection) or 1 ϫ 10 5 (treatment postinfection) of recombinant human alpha interferon A/D (BglII) (PBL Biomedical Laboratories, Piscataway, N.J.), respectively. Treatments were performed daily from day Ϫ1 to day ϩ3 or twice on days ϩ3 and ϩ4 after FV infection. The IFN-␣ hybrid is active on virtually every mammalian cell, substituting for mouse type I interferon. Control mice were injected with PBS only. Eleven days postinfection, the mice were sacrificed and analyzed for disease progression and viral loads. In a similar experiment, persistently infected mice were treated daily with human alpha interferon A/(BglII D) from day 60 to day 65 postinfection.
Flow cytometry. Single-cell suspensions of nucleated, live cells were analyzed after red blood cell lyses using a FACSCalibur flow cytometer. Directly labeled fluorescent antibodies specific for CD4 (clone RM4-5), CD8 (clone 53-6.7), CD19 (clone 1P3), NK1.1 (PK136) or CD49b/Pan-NK (clone DX5) were obtained from BD Biosciences (San Diego, CA). FcR block (rat antimouse CD16/26 [Fc␥III/II receptor, clone 2.4G2]) (BD Biosciences) was used to prevent nonspecific binding of antibodies to Fc receptors. A total of 1 million cells were analyzed per sample, and 7-amino-actinomycin D (7AAD) (BD Pharmingen) was used to gate out the dead cells.
RESULTS

Antiviral effect of IFN-␣ and IFN-␤ in vitro.
In order to assess the antiviral effect of IFN-␣ and IFN-␤ in vitro, we tested both interferons for inhibition of viral replication on Mus dunnis cells. IFN-␣ and IFN-␤ inhibited F-MuLV replication in a concentration-dependent manner. One thousand units/ml reduced viral replication by about 90% (Fig. 1) . No difference was found in the antiviral activities of IFN-␣ and IFN-␤. Neutralization of IFN-␣ by antibodies during the IFN-␤ treatment showed that the antiretroviral effect of IFN-␤ was independent of a possible IFN-␣ production by the Mus dunnis cells (data not shown).
Kinetics of IFN-␣ and IFN-␤ responses after Friend virus infection.
In order to address the role of type I IFN in vivo, IFN-␣ and -␤ were measured by ELISA in the serum of FVinfected mice. FV-susceptible (B10.A ϫ A.BY)F 1 mice injected with FV demonstrated a rapid production of IFN-␣ and -␤ between 12 h and 48 h postinfection ( Fig. 2A) . The peak levels of IFN-␣ and IFN-␤ serum concentration were both at the 18-h time point, but levels of IFN-␣ were twice as high as IFN-␤ levels (Fig. 2B) . Mouse strains with different susceptibilities to FV-induced disease were compared to evaluate the influence of IFN-␣ on FV resistance. Peak serum levels of IFN-␣ were found at 18 h postinfection in susceptible (B10.A ϫ A.BY)F 1 and BALB/c mice, and at 18 h to 24 h in the resistant (B10 ϫ A.BY)F 1 and C57BL/6 mice (Fig. 2) . Each strain produced characteristically different peak levels of IFN-␣, but the levels did not correlate with susceptibility of the mice to FV.
Effects of IFN-␤ and IFN receptor deficiency on acute FV infection. Since no correlation between IFN-␣ responses and FV susceptibility was found, we investigated whether type I IFNs were dispensable for the control of FV replication in the acute phase of infection. Therefore, we compared the viral loads in plasma and spleen of resistant C57BL/6 mice with those for mice lacking the IFN-␤ or IFN receptor. At 11 days postinfection, the IFN-␤ Ϫ/Ϫ mice had up to 10-fold-higher spleen viral loads than normal C57BL/6 mice (Fig. 3A) . For the IFNAR Ϫ/Ϫ mice, in which both IFN-␣ and -␤ cannot signal through their receptor, 15-times-higher spleen virus loads were measured than for wild-type mice.
A somewhat different result was found when levels of free virus in the plasma were determined. Although IFN-␤ knockout mice showed slightly higher viremia than the control group, the differences were not statistically significant (Fig. 3B) . However, the levels of viremia in IFNAR Ϫ/Ϫ mice were significantly higher than those of C57BL/6 wild-type controls. Interestingly, IFN-␣ production was not impaired in IFN-␤ Ϫ/Ϫ mice, since peak levels of IFN-␣ after infection were not reduced in comparison to those for wild-type mice (Fig. 4) . In contrast, IFNAR Ϫ/Ϫ mice were severely impaired in their ability to produce IFN-␣. This might explain the different susceptibilities C57BL/6 wild-type or knockout mice that lack IFN-␤ or IFN type I receptor (IFNAR) were infected with FV. Viral loads were measured at 11 days after infection in the spleen (A) and in the blood (B). The results for the knockout mice were compared with those obtained for wild-type mice. The mean value for each group is indicated by a bar. Differences between the group of infected wild-type mice and the groups of knockout mice were analyzed by using Dunnett's multiplecomparison correction test for comparing a control group to several experimental groups. Statistically significant differences between the groups are indicated.
infected, untreated (B10.A ϫ A.BY)F 1 mice was 2.24 g. Combined IFN-␣ treatment prior to infection and postinfection reduced splenomegaly by ϳ64% (mean spleen weight ϭ 0.82 g), whereas IFN-␣ postexposure treatment reduced splenomegaly by ϳ27% (mean spleen weight ϭ 1.7 g) (Fig. 5A) . As a measure of virus replication, viral loads in spleen and plasma viremia were also assayed. Viral loads in spleen and plasma viremia were significantly lower for both groups of IFN-␣-treated mice than for untreated (B10.A ϫ A.BY)F 1 mice (Fig. 5B and C) . Thus, our findings from the IFN-␣ treatment experiments support the important effect of IFN-␣ in FV immunity and imply that an IFN therapy is most effective when performed early during infection.
Effects of IFN deficiency on leukocytes during acute infection. We stained splenic CD8 ϩ , CD4 ϩ , CD19 ϩ , and NK cells in the knockout mice to determine whether the effect of type I interferons on acute FV infection occurs as a result of the effects of IFN caused by antiviral enzymes or is also influenced by secondary effects on leukocytes. At 11 days postinfection, there were no significant differences between the groups of IFN-␤ Ϫ/Ϫ , IFNAR Ϫ/Ϫ , and wild-type mice in the percentage of CD19 ϩ B cells (Fig. 6A) , and the titer of virus-specific antibodies was also identical (data not shown). Similar to the case with B cells, no differences were found in the percentage of NK cells (Fig. 6B) . We did observe a significant decrease in the percentage of CD4 ϩ T cells in the IFN-␤ Ϫ/Ϫ and IFNAR Ϫ/Ϫ knockout mice compared to the wild-type C57BL/6 controls (Fig. 6C) . However, only the lack of IFNAR led also to a significantly lower percentage of CD8 ϩ T cells than that found in C57BL/6 mice (Fig. 6D ). These differences were seen only between FV-infected knockout and wild-type mice and were not present in uninfected animals (data not shown). Thus, type I IFN also acts as immune modulators on T cells during acute FV infection.
Effects of IFN deficiency on chronic FV infection. Since the previous experiments showed that IFN-␣/␤ play an important role during acute FV infection, the question came up of whether IFN deficiency can also influence the chronic phase of FV infection. C57BL/6 mice, which are resistant to FV-induced leukemia, develop chronic infections after FV inoculations. An infectious center assay was performed to compare viral loads of C57BL/6, IFN-␤ Ϫ/Ϫ , and IFNAR Ϫ/Ϫ mice at 8 weeks postinfection. The lack of IFNAR and IFN-␤ resulted in significantly higher spleen virus loads than in C57BL/6 mice (Fig. 7) . The levels of spleen infection in the IFN-␤ Ϫ/Ϫ mice were approximately 10 times, and in the IFNAR Ϫ/Ϫ mice 20 times, higher than in wild-type mice. These results indicate that the effects of type I interferons on acute viremia can subsequently influence the levels of chronic virus infections.
DISCUSSION
The innate immune response plays a significant role as the first response to an invading pathogen insofar as either the pathogen is eliminated or its expansion is held in check until the adaptive immune response can attack. During viral infections, a very important part of the innate immune response is constituted by type I interferons. Alpha/beta interferons are produced within a few hours postinfection and prevent the spread of the virus by autocrine or paracrine pathways. For example, peak levels of IFN-␣ were found at 24 h in B6 mice which had been infected by encephalomyocarditis virus (9) . In the Friend virus model, the different mouse strains all showed an IFN-␣/␤ response with peak levels either at 18 h or 24 h postinfection, with the level of IFN-␤ measured being markedly lower than that of IFN-␣ ( Fig. 2A and B) . Interestingly, the peak IFN-␣ concentrations did not correlate with the susceptibility of the four different mouse strains to Friend virusinduced leukemia.
During the last few years, it has been revealed how important the role of interferons is in controlling viral replication, and this was best demonstrated in mice lacking a functional interferon type I system. These studies include infections of knockout mice with vaccina virus, Semliki Forest virus, lymphocytic choriomeningitis virus, vesicular stomatitis virus (26) , and Murray Valley encephalitis virus (21) . Similar to the results with other models, we found that the lack of type I IFN receptors led to significantly higher viral loads in the spleen and plasma during the acute phase of infection with Friend retrovirus (Fig. 3A and B) . However, the previous studies failed to differentiate between the cytokines IFN-␣ and IFN-␤. There are 14 nonallelic IFN-␣ genes, but only one single IFN-␤ gene exists. Whereas the various murine IFN-␣ subtypes themselves indicate homologies of around 80%, IFN-␣ has only a 30% homology to IFN-␤, and it is still not known exactly how the functions of IFN-␣ and IFN-␤ actually differ (29) . The infection of IFN-␤ Ϫ/Ϫ mice with FV enabled us to get an impression of the in vivo role of IFN-␤. Knockout mice showed enhanced spleen viral loads, and plasma viremia was slightly higher (Fig. 3A and B) . However, compared to the FV-infected IFNAR Ϫ/Ϫ mice, the IFN-␤ Ϫ/Ϫ mice were less susceptible (Fig. 3A, and B) . Thus, both IFN-␣ and IFN-␤ played a significant role in the innate immune defense against retroviral infections. This was also supported by analyzing the in vitro activity of IFN-␣ and IFN-␤ against FV (Fig. 1) . Our results readily concur with findings from other virus models. Vaccina virus-infected IFN-␤ Ϫ/Ϫ mice also showed a greater susceptibility than wild-type mice (4), but the level of susceptibility was nevertheless lower than that of IFNAR Ϫ/Ϫ mice (36) . The high susceptibility of the IFN-␤ Ϫ/Ϫ mice was surprising, since we detected the same peak concentration of IFN-␣ in IFN-␤ mice as in the C57BL/6 wild-type mice (Fig. 4) . In earlier in vitro studies, it was shown that Sendai virus-infected mouse embryonic fibroblasts from IFN-␤-deficient mice were not able to produce IFN-␣ (8). Based on this result, it follows a model, in that IFN-␤ has a unique role in the induction of type I IFN. In vivo, however, where various different cell types produce IFN-␣ and IFN-␤, this feedback regulation does not appear to apply. Our results showing that IFN-␤ Ϫ/Ϫ mice produce normal amounts of IFN-␣ upon infection are supported by other studies in which IFN-␤-deficient mice inoculated with UVirradiated herpes simplex virus also produced IFN-␣ (2). A possible explanation for the induction of IFN-␣ independently of IFN-␤ could be the described autocrine loop of IFN-␣ production initiated by the IFN-␣4 subtype, which is expressed as one of the first IFN during an innate immune response (22) . Consequently, IFN-␤ seems to have a decisive influence in controlling the replication of FV that is independent of IFN-␣ induction. Experiments with coxsackievirus B3, which induces myocarditis, also indicated that IFN-␤ Ϫ/Ϫ mice showed an increased mortality rate as well as a reduced regulation of IFNstimulated genes (2Ј-5Ј oligoadenylate synthetase, serine/threonine protein kinase, the GTPase Mx) (5). These results imply that IFN-␤ activates a specific antiviral response which might be distinct from the antiviral pathway of IFN-␣ (31).
That not only IFN-␤ has a decisive influence on the kinetics of FV replication was suggested by the greater susceptibility of IFNAR Ϫ/Ϫ mice than IFN-␤ Ϫ/Ϫ mice during infection. The successful therapy with IFN-␣ proved that IFN-␣ also played an important antiviral role (Fig. 5) . Previous studies reported long-term therapies (12 to 25 days) for FV infection or murine AIDS in which IFN-␣ had an effect on virus replication (13, 34, 35) . We were able to show that a short-term postexposure therapy with IFN-␣ during acute infection induced an antiviral status sufficient to control virus replication and disease progression. However, when animals were treated that were persistently infected with FV, the viral load could not be reduced (data not shown). Thus, the administration of IFN-␣ during the acute phase of infection appears to regulate the virus-host balance, whereas administrations during the chronic retrovirus infection had no effect. IFN-␣ can affect the viral load in various ways; on the one hand it can inhibit viral replication at a very early stage in the immune response by the production of antiviral enzymes (10); on the other hand it influences the adaptive immune response that develops (10) . In vitro experiments demonstrated an inhibitory effect of IFN-␣ and IFN-␤ on FV replication that was most likely mediated by antiviral enzymes (Fig. 1) . In addition, both the IFN-␤ Ϫ/Ϫ mice and the IFNAR Ϫ/Ϫ mice had lowered percentages of total T cells in their spleens during acute FV infection, suggesting an influence of type I interferons on antiviral immune responses ( ϩ T cells (24) . These reports provide a good explanation for our findings that IFN-␤ Ϫ/Ϫ and IFNAR Ϫ/Ϫ mice have fewer T cells during retroviral infection than wild-type animals. In contrast, it has been reported that type I IFN negatively regulates CD8 ϩ T-cell responses after DNA vaccination (6) . However, we did not observe significant differences in the numbers of FV-specific class I tetramer-positive CD8 ϩ T cells between IFNAR and wild-type mice after FV infection (data not shown). This indicates that type I interferons play a positive rather than a negative role in retroviral immunity. These studies indicate that although both IFN-␣ and IFN-␤ each possess the potential for antiviral activity, it is only when they are combined together that they are able to fulfill their entire potential for antiretroviral activity. This mechanism C57BL/6 wild-type or knockout mice that lack IFN-␤ or IFNAR were infected with FV. Viral loads were measured at 8 weeks after infection in the spleen. The results for knockout mice were compared with those for wild-type mice. The mean value for each group is indicated by a bar. Differences between the group of infected wild-type mice and the groups of knockout mice were analyzed by using Dunnett's multiple-comparison correction test. Statistically significant differences between the groups are given.
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seems to be an antiviral effect through IFN-induced enzymes as well as an effect on the adaptive immune response. Type I interferons therefore play an important role in the antiviral immune response against retroviral infections and might be of use in therapeutic approaches.
